T he polysaccharide-rich plant cell wall surrounding the protoplast is a complex, diverse, and dynamic entity of fundamental importance in plant growth and development (1) . Walls are also of immense economic value, contributing to many agro-industrial processes, and are the major renewable energy resource (biomass) on our planet. The description of the biosynthetic processes involved in the assembly of the noncellulosic polysaccharides of the wall has, until the 21st century, been slow to unfold. This is especially true of the triad of pectic polysaccharides, which are widely distributed in primary walls ( Fig. 1A ; Ϸ10-35%) throughout the plant kingdom. The most abundant is the pectic homogalacturonan (HG), Ϸ70% of pectin, a homopolymer of (1-4)-␣-Dgalacturonic acid (GalA) residues that may be methylesterified and acetylated (2) . Rhamnogalacturonan I (RG-I), Ϸ35% of pectin, belongs to a family of polysaccharides with a repeating backbone of (1-2)-␣-L-Rha-(1-4)-␣-D-GalA, with Rha residues further substituted with other oligo͞polysaccharides. RG-II, Ϸ10% of pectin, has an HG backbone substituted with several structurally different oligosaccharide side chains (2) (Fig. 1B) . This structural complexity imparts diverse physical and biochemical properties on pectins that are associated with important biological and industrial functions (2, 3) . Thus, there are major efforts devoted to manipulating the quality and quantity of pectin and other wall polysaccharides through genetic manipulation and conventional breeding. This process would be greatly accelerated if we understood the mechanisms and control of the biosynthetic steps during their assembly and deposition into the wall, processes whose elucidation has been hampered by difficulties in identifying the biosynthetic genes and by the pleiotropic effects of many wall mutants. More than 50 glycosyltransferases (GTs) are predicted to be required for pectin synthesis (2), but until now, genes for only two putative pectin biosynthetic GTs, QUA1 (4) and NpGUT1 (5), have been identified; however, the enzymatic function of their encoded proteins has yet to be established. Thus, the work of Sterling et al. (6) in a recent issue of PNAS represents a significant advance, because it is the first functional identification of an Arabidopsis pectin homogalacturonan galacturonosyltransferase (GAUT1) using biochemical and functional genomic approaches.
Because purification of GalAT to homogeneity proved elusive, Sterling et al. (6) took advantage of the rich genomic and bioinformatic resources available in Arabidopsis to identify two GT-like proteins present in partially purified fractions enriched for HG:GalAT activity. Both GTs encoded predicted Golgilocated type II membrane proteins. Expression of truncated constructs of these genes in human embryonic kidney 293 cells identified GAUT1, which was able to transfer GalA from UDP-GalA onto HG acceptors. Furthermore, anti-GAUT1 antibodies immunoprecipitated HG:GalAT activity from a partially purified protein fraction of Arabidopsis. GAUT1 belongs to a family of 25 genes in Arabidopsis that consist of 15 GAUT and 10 GAUT-like (GATL) genes (6, 7) clustered in CAZy GT8 family (http:͞͞ afmb.cnrs-mrs.fr͞CAZY͞index.html) with homologues in other dicots, grasses (rice), and the moss Physcomitrella. Not only is this discovery important for understanding pectin biosynthesis, but it will also require us to reevaluate the types of mechanisms by which other noncellulosic polysaccharides are assembled in higher plants.
The key enzymes in wall biogenesis are the polysaccharide͞glycan synthases and GTs (both classified within the GT class of carbohydrate modifying enzymes; http:͞͞afmb.cnrs-mrs.fr͞CAZY͞ index.html) that catalyze formation of the bonds between adjacent monosaccharides from activated nucleotidemonosaccharide donors. The Arabidopsis genome contains 414 different GT genes representing 34 of the 60 GT families (http:͞͞afmb.cnrs-mrs.fr͞CAZY͞index. html). Many glycan synthases are type III integral membrane proteins with multiple transmembrane spanning domains, whereas the GTs are type II membrane proteins with a single transmembrane domain. The simple (unbranched) polysaccharides cellulose and callose are synthesized by glycan synthases at the plasma membrane (8) . These enzymes repetitively transfer the same type of monosaccharide residue to the nonreducing end of a growing glycan chain. In contrast, complex (branched) noncellulosic polysaccharides are synthesized within the endoplasmic reticulum͞Golgi complex (9, 10), using glycan synthases to form the backbone and then a number of GTs to form the side chains by each transferring single monosaccharide residues, or so it was thought. To date, all biosynthetic enzymes for the structural plant polysaccharide backbones have been type III integral membrane proteins belonging to either the CAZy GT2 family [e.g., cellulose (CESAs) (8), heteromannans (CSLAs) (11) , and (1,3,1,4)-␤-D-glucans (12) (and also includes fungal chitin, bacterial curdlan, and mammalian and bacterial hyaluronans)] or the GT48 family [e.g., callose (GSLs) (9)], whereas the type II GTs have been restricted to creating the branches of the matrix polysaccharides (9, 10). Now, with the identification by Sterling et al. (6) of GAUT1, the first demonstration in (6) in the partially purified Arabidopsis GalAT active fraction was GAUT7, another member of the GAUT1-related gene family. Perhaps GAUT 7 is part of a pectin biosynthetic complex? (ii) In vitro studies have established that GalAT transfers GalA from UDP-GalA onto endogenous acceptors to produce products in the mass range of 100 to Ն500 kDa (13, 14) . These detergent-solubilized GalAT fractions preferentially transfer to the nonreducing end of small exogenous (degree of polymerization Ͼ 9) oligogalacturonide (OGAs) acceptors (15) (16) (17) (18) . High-molecular-weight pectin is less favored as an acceptor, suggesting a requirement for additional factors, protein complex integrity, and͞or membrane organization for sustained synthesis. It is well established that GT complexes are involved in other biosynthetic systems, e.g., for coordinated synthesis of the hypermannosylated N-linked polysaccharides on yeast glycoproteins (19) and for the assembly of the repeating disaccharide units of glycosaminoglycans (GAGs; refs. 20 and 21). Similarly, the correct assembly of cellulose-synthesizing rosette complexes at the plasma membrane requires groups of three coordinately expressed CESA proteins and probably other non-CESA proteins for cellulose microfibril synthesis (8, 22, 23) . Many other questions regarding pectin biosynthesis remain. For example, what are the roles of the other members of the GAUT1-related gene family? Significantly, two genes previously identified as putative pectin or wall biosynthetic genes, QUA1 (6) and PARVUS͞GLZ1 (7, 24, 25) , are also members of the GAUT1-related gene family, i.e., GAUT8 and GATL1, respectively. QUA1 has been proposed to be either a GalAT or an XylT, but biochemical proof of QUA1 activity has been elusive (25) . The identification of GAUT1 as an HG:GalAT (6) adds weight to the possibility that QUA1͞GAUT8 is a GalAT, although confirmation awaits verification of enzymatic activity. The identification of GATL1͞PARVUS͞GLZ1 in the GAUT1-related gene family is also interesting because some of the parvus͞ glz1 mutant phenotypes (dwarfism) are consistent with a defect in pectin synthesis. Because GalA levels in the parvus͞ glz1 mutant have not been reported, the role, if any, of GATL1͞PARVUS͞ GLZ1 in pectin synthesis remains to be established. Questions remain with regard to the assembly of the various pectin backbones with at least four GalATs proposed to be required (2): one for HG, a second for RG-I, and at least two for RG-II side chains. However, it is possible that the RGI backbone, the only plant polysaccharide with a repeating disaccharide backbone (Fig. 1B) , is assembled by a different mechanism. In other organisms, both polysaccharide synthases (for hyaluronans; ref. 26) and GTs (for GAGs; refs. 20 and 21) are able to elaborate such backbones either by a single ''dual-action'' enzyme (synthase) or by a pair of ''single-action'' enzymes (transferases).
The identification of GAUT1 and the GAUT1-related gene family provides the molecular tools to begin to unravel pectin synthesis. Their role in the biosynthesis of pectin backbones can now be tested, and the coordinate synthesis of the branches by GTs from other CAZy families can be explored. Furthermore, phenotypic analyses of mutants of the GAUT1-related gene family should also help define the roles of these proteins in pectin synthesis and the role of pectin in the plant. Then, of course, there are the nonglycosyl substituents (methylesters and acetyl groups): are they added postpolymerization or during backbone synthesis? Again, we can be informed by the processes of sulfation of GAG backbones in mammals and bacteria (27) . What controls chain initiation and elongation? And so it goes on.
